The possibilities of recovery of rare earth metals and alloys from Nd-based scrap by electrolysis from high temperature molten salts were investigated. The realization of such a process will eliminate the oxide or halide conversion steps, leading to a more effective and environmental process, as many hydrometallurgical steps are avoided. The NdFeB compound (which could be scrap from the magnet production or demagnetized spent magnet) is placed in the anode compartment from where the rare earth elements present in the material (Nd, Dy, Pr) will be anodically dissolved in the form of ions, which will be discharged at the cathode as metals and/or magnetic alloys. Different electrolyte compositions and temperatures are tested and the feasibility, kinetics, and efficiency of the process are evaluated.
Introduction
In the last years, great efforts have been done in US and Europe for the development of strategies for sustainable supply of critical materials, among which rare earths (RE) occupy a leading position. In particular, the recycling, substitution and efficient use of REs and the development of a strategy towards a "green RE economy" have been addressed. RE metals (REM) are called "key-enablers of green technologies", as many environmental technologies such as electric and hybrid cars or wind power depend on these elements. The forecasted demand growth for REM (1) , together with the fact that China is responsible for nearly 95% of the world's RE production (both oxides and metals), and their export restrictions, have led to increase in RE prices.
The recovery of REM from end-of-life products (urban mining) has lately attracted the attention of researchers, companies, and even authorities, as a "new" source of REs. It is known that waste electrical and electronic equipment (WEEE) contains significant amounts of RE elements. Advances in recycling technology will make the extraction of those valuable substances from WEEE more feasible.
Due to the growing use of electric and hybrid-electric vehicles, one of the main applications of REs (by volume and value) is in Nd-based permanent magnets. Therefore, the increase of waste streams (both end-of-life products and manufacturing scrap) related to this type of magnets is expected.
This work investigates the possibility of electrolytic extraction of Nd or RE alloys from Nd-based magnet scrap in a high temperature molten salt. The realization of such a process will make the RE oxide or halide conversion steps unnecessary. This will lead to a more effective and environmental process, as many hydrometallurgical steps are eliminated.
Japanese authors have been pointing out the potential of electrochemical methods for direct extraction of REM and alloys (2); however, no information about the feasibility or kinetics of the process have been given.
The NdFeB compound (scrap from the magnet production step or demagnetized spent magnet) is placed in the anode compartment from where the RE elements present in the material (Nd, Dy, Pr) are anodically dissolved in the form of RE ions, which will be discharged the cathode compartment in the form of REM or RE alloys.
The eutectic LiCl-KCl mixture and the equimolar NaCl-KCl melt were used as electrolytes. In the case of the LiCl-based melt, the working temperature was varied from 600 to 850 o C. The electrochemical behavior of neodymium ions on inert (W) and reactive (Fe) electrodes, as well as on the NdFeB master alloy, was investigated prior to the electrolysis experiments.
Experimental
Chemicals NaCl (Alfa Aesar 99%+), KCl (Alfa Aesar 99%) and LiCl (Sigma Aldrich, anhydrous 99%+), salts were dried for several days at 200 o C under air and at atmospheric pressure. NdCl 3 (Alfa Aesar, anhydrous 99.9%, REO) was kept in a glove box with Ar atmosphere until its use.
Electrodes and apparatus
The different (equimolar NaCl-KCl and eutectic LiCl-KCl (58-42 mol%) mixtures were carefully mixed in a glassy carbon crucible (Carbone Lorraine) and placed in a graphite container inside a furnace. The cell was carefully sealed and kept under Ar (99.999%) atmosphere during the entire experiment.
The electrolyte was heated up to ca. 200 o C under inert atmosphere and kept there for about 6h before it was further heated up to the working temperature.
A Eurotherm 2404 programmable temperature controller was used. The temperature in the molten salt was measured using Pt/Pt-Rh 10% thermocouple.
In the anodic dissolution experiments, the NdFeB master alloy bar (composition in wt%: 23 Nd, 63 Fe, 0.8 B) was used as anode, whereas the cathode was a Mo spiral inserted into a separate compartment (quartz tube with a glass filter). In this way, the cathode product (alkali metal deposition, i.e. Li or Na) will not interfere with the anode product (REM ions, i.e. Nd(III), Dy(III) and Pr(III)).
Electrolysis experiments were performed mainly by applying a constant cell voltage using a HP 6031A System Power Supply. The voltages as well as the resulting currents were logged during the electrolysis by means of a Keithley 2000 Multimeter.
A typical "three-electrode" set-up was used in the electrochemical characterization of the neodymium species present in the melt after electrolysis. The working electrode was either a 1 mm tungsten (W) wire (Alfa Aesar, 99.995%) or a 2 mm iron (Fe) wire (Johnson Matthey, 99%). Glassy carbon or graphite rods were used as counter electrodes.
The reference electrode used during the electrochemical characterization and electrolysis experiments, was based on the AgCl/Ag system and housed in a closed-end mullite tube. It consisted of a silver wire (1mm diameter) dipped into a silver chloride solution (0.75 mol kg -1 ) in the molten salt (either equimolar NaCl-KCl or eutectic LiCl-KCl). All the electrochemical studies were performed with a potentiostat/galvanostat (Autolab PGSTAT20) controlled with the accompanying software package.
Results and Discussion
Electrochemical behavior of Neodymium ions and Nd-based master alloy Eutectic LiCl-KCl mixture. Fig. 1 shows a typical cyclic voltammogram (CV) obtained in the eutectic LiCl-KCl at 600 o C. The cathodic wave A (associated with the anodic wave A') is related to the Nd(III)/Nd(II) electrochemical exchange, whereas the cathodic peak B (associated to the anodic stripping peak B') is related to the neodymium deposition from Nd(II) ions, i.e. Nd(II)/Nd system. C corresponds to the under-potential (at activity minor than 1) deposition of Li onto the Nd previously formed, and it is associated to the stripping peak C'. The cathodic limit of the melt (D) corresponds to liquid lithium deposition, which is subsequent re-oxidized in the reverse scan (D').
Thus, the electro-reduction of Nd(III) ions takes place in two steps, the intermediate Nd(II) species also being stable in a molten chloride mixture. The results are in agreement with those reported by Castrillejo et al. (3) . The stability of tri-and di-valent ions in molten chlorides has also been observed in the case of titanium (4). When comparing the CV obtained at both Fe and W (Figure 2) , it can easily be seen that both substrates are inert towards Li, i.e. the solubility of Li in both W and Fe is almost zero (5). Figure 3 . In this case, deposition of Nd-Li liquid alloy (C) and neodymium (B) occurs almost simultaneously, due to the increased solubility of lithium in the alloy with increasing temperature (6) . The anodic wave D', which corresponds to the re-oxidation of the deposited Li (D) is almost negligible, showing the increased solubility of lithium metal with the temperature in the LiCl-based electrolyte (6) .
The solubility of neodymium metal has been determined to be very low in this type of melts (7) . Therefore, we may conclude that the wave B can only be attributed to the reduction of Nd ions. In this type of molten mixture, the reduction potential value of the less stable cation (Na + ) is less negative than that of the lithium-based melts (see Table I ). Therefore, deposition of Na (D) it is likely to occur together with the formation of neodymium metal (B). The anodic limit of the melt (E') corresponds to chlorine evolution.
The equimolar NaCl-KCl melt with NaF additions (5, 7 and 11.2 wt%) presented the same electrochemical behavior as the pure NaCl-KCl melt; i.e., the electrodeposition of Nd occurs at potentials very close to the cathodic limit of the melt. Table I summarizes the reduction potential values of the salts and mixtures studied. They are determined from the Gibbs energy data of the pure compounds provided from thermodynamic data bases (8) . The values obtained are compared to that of a solution of neodymium chloride (concentration in the same order as the one used in the experiments, i.e. ca. 2 wt%). In the case of binary mixtures, the determination of the reduction potential of the solvent was made considering ideal behavior of the mixtures; i.e., that the activity of each compound is equal to its molar fraction. Electrochemical behavior of the NdFeB alloy. Figure 5 shows a typical cyclic voltammogram obtained in the cathodic direction, using a NdFeB master alloy working electrode in the eutectic LiCl-KCl at 850 o C. When comparing to the CV obtained on tungsten (grey line in Figure 5 ), a certain UPD of Li on the master alloy is observed (C), prior to the bulk deposition of liquid lithium. Incorporation of Nd metal, as well as a more enhanced signal corresponding to the Li UPD could be seen when NdCl 3 was added to the eutectic LiCl-KCl melt (bold grey curve in Figure 5 ).
The anodic limit using the NdFeB master alloy is given by the anodic dissolution of Fe (F'). E' anodic wave corresponds to chlorine evolution (graphite working electrode). The initial electrolyte was the pure molten chloride (with no RE ions present) and the cathode compartment was separated from the electrolyte, so the cathode product (alkali metal) would not influence on the anode product. The experimental set-up is described in the Experimental section.
Reaction [1] can also be applied for the other RE present in the alloy, giving Pr(III) and Dy(III) dissolved in the electrolyte.
Typical data obtained during constant cell voltage electrolysis are plotted in Figure 6 . In all the cases, the currents obtained were low, and after an exponential decay in the first 2.5 hours of electrolysis, it increased, until a second decay was again observed. The first decay could be due to the depletion of Nd from the surface of the master alloy. When trying to apply higher cell voltages or currents, the anode potential increased so much that along with the RE ion/ions, Fe was also dissolved in the melt (see Figure 7) . Dissolution of iron was evidenced by cyclic voltammetry on a W electrode (Figure 7 b) , where an electrochemical system F'/F appeared at the potential range of the anodic dissolution of the iron electrode.
It is, therefore, evident that dissolution of RE ions alone or together with iron ions is possible, but not the dissolution of the RE-Fe alloy. The low currents achieved are due to the slow diffusion kinetics of the RE elements from the bulk to the surface of the alloy.
When electrolysis experiments were performed at lower working temperatures (600 o C) in the eutectic LiCl-KCl, the current was zero , unless iron was always anodically dissolved.
(A) (B) Figure 7 . (A) Electrolysis data recorded in the equimolar NaCl-KCl at 850 o C when applying higher cell voltages than in Figure 6 ; (B) CV of the melt before and after electrolysis (W working electrode).
Conclusions
The possibilities of recovery of rare earth metals from Nd-based scrap by electrolysis from eutectic LiCl-KCl mixture and the equimolar NaCl-KCl melt were investigated, focusing on the recovery of neodymium metal.
The electrochemical behavior of neodymium ions on inert (W) and reactive (Fe) electrodes as well as the NdFeB master alloy was thoroughly investigated prior to the electrolysis experiments.
The LiCl-based melt offers a larger electrochemical window than the NaCl-based electrolyte, the first one offering a larger potential separation from the neodymium reduction potential. However, under-potential deposition (UPD) of lithium (i.e., deposition at activity lower than unity) on neodymium makes it difficult to deposit Nd metal free of Li. Li co-deposition could (to some extent) be avoided by increasing the activity of Nd ions in the electrolyte.
The feasibility of the method was proven by electrolysis using a NdFeB master alloy as anode (with Nd 2 Fe 14 B as matrix phase, surrounded by a Nd-rich grain boundary phase). Cyclic voltammetry on an iron electrode after electrolysis demonstrated the presence of neodymium ions in the electrolyte. However, the kinetics of the anodic dissolution reaction was found to be very slow, which can be explained by diffusion limitations in the solid master alloy.
